ABSTRACT: Peptides that self-assemble, at low concentration, into bilayer-spanning pores which allow the passage of macromolecules would be beneficial in multiple areas of biotechnology. However, there are few, if any, natural or designed peptides that have this property. Here we show that the 26-residue peptide "MelP5", a synthetically evolved gainof-function variant of the bee venom lytic peptide melittin identified in a high-throughput screen for small molecule leakage, enables the passage of macromolecules across bilayers under conditions where melittin and other pore-forming peptides do not. In surface-supported bilayers, MelP5 forms unusually high conductance, equilibrium pores at peptide:lipid ratios as low as 1:25000. The increase in bilayer conductance due to MelP5 is dramatically higher, per peptide, than the increase due to the parent sequence of melittin or other peptide pore formers. Here we also develop two novel assays for macromolecule leakage from vesicles, and we use them to characterize MelP5 pores in bilayers. We show that MelP5 allows the passage of macromolecules across vesicle membranes at peptide:lipid ratios as low as 1:500, and under conditions where neither osmotic lysis nor gross vesicle destabilization occur. The macromolecule-sized, equilibrium pores formed by MelP5 are unique as neither melittin nor other pore-forming peptides release macromolecules significantly under the same conditions. MelP5 thus appears to belong to a novel functional class of peptide that could form the foundation of multiple potential biotechnological applications.
■ INTRODUCTION
Peptides that form pores in lipid bilayer membranes can be useful in many capacities, including biosensor design, 1 targeted cancer therapy, 2 channel replacement therapy, 3 HIV therapy, 4 drug delivery, 5, 6 and others. In particular, peptides that create macromolecule-sized pores at low peptide concentrations could be especially useful, for example as biosensors, or for promoting efficient release of macromolecular cargoes from endosomes in drug delivery applications. 7 However, true equilibrium poreforming peptides are rare, and there are few, if any, peptides that are known to form macromolecule-sized pores in membranes at low concentrations. Just as importantly, we do not have a molecular understanding of the sequence/structure requirements for pore-forming peptides of any pore size, and thus we cannot rationally design or optimize peptides that cause efficient poration of lipid bilayers.
To circumvent the roadblock caused by the lack of knowledge about the mechanism of pore formation, we recently performed a synthetic molecular evolution-based high-throughput screen of a rational combinatorial peptide library that used the sequence of the membrane lytic bee venom peptide melittin as a template. 8 Melittin, at high concentration (P:L ≥ 1:50), releases the small molecule contents of lipid vesicles and has been reported to selfassemble into toroidal pores. 9, 10 At intermediate concentrations melittin releases small probe molecules from lipid vesicles, but the leakage is partial and occurs through transient, not equilibrium, structures. 8,11−13 At low concentration (P:L ≤ 1:1000) in the absence of osmotic stress and anionic lipids, melittin does not efficiently permeabilize all lipid vesicles. 8 We used an iterative high-throughput approach to identify gain-offunction variants of melittin that have vesicle permeabilizing activity at very low concentration. In the melittin-based library, we varied 10 critical residues in the 26-residue sequence of melittin. To identify gain-of-function variants we used an orthogonal high-throughput assay for peptides that release probe molecules from lipid vesicles at very low peptide:lipid ratios (P:L ≤ 1:1000) where native melittin is not active. We also assayed independently for the continued presence of detectable pores hours after peptide addition. This step selects for equilibrium pore formers and selects against transient poreformers, such as melittin. 11, 14 Only about a dozen peptides from the 7800-member library were highly active under the conditions of these stringent, orthogonal assays. The most active gain-of-function analog identified, "MelP5", differs from melittin in only 5 amino acids out of 26. Yet, the initial characterization revealed distinct differences between melittin and MelP5: (i) The concentration of MelP5 required to permeabilize synthetic lipid vesicles is up to 20-fold lower than that for melittin in leakage assays based on dye molecule release; 8, 15 (ii) the pores formed by MelP5 are present in membranes indefinitely whereas melittin's pores are transient and detectable only for a short time after peptide addition; (iii) oriented circular dichroism shows MelP5 forms a membranespanning helix at equilibrium, unlike the helix of melittin which lies parallel to the membrane surface 8 under most conditions. 10,16−18 These initial results suggested that the mechanism of action of MelP5 may be fundamentally different from that of melittin.
Here we examine the uniqueness and potential utility of the pores formed by MelP5. Furthermore, we examine the ability of MelP5 to form equilibrium pores that pass macromolecules through membranes under conditions where common experimental artifacts such as osmotic lysis, vesicle aggregation and fusion, and global vesicle disruption caused by detergentlike bilayer solubilization do not occur. We compare the behavior of MelP5 to its parent sequence, melittin, and to two other well characterized α-helical peptide pore formers, alamethicin 19 and GALA. 20 In all experiments, a fundamentally different bilayer response is observed for MelP5 compared to the other peptides, suggesting the formation of large equilibrium pores in membranes. Specifically, we demonstrate the formation of macromolecule-sized pores in membranes by MelP5 at low concentration. Thus, MelP5 belongs to a novel class of pore-forming peptide that may be a useful starting point for multiple biotechnology applications.
■ MATERIALS AND METHODS
Reagents. MelP5 and GALA were synthesized and purified by BioSynthesis Inc. Peptide purity and identity were verified by HPLC and MALDI mass spectrometry. Melittin and alamethicin were purchased from Sigma-Aldrich. Melittin and MelP5 were synthesized as Nterminal amines and C-terminal amides. 1-Palmitoyl-2-oleoly-sn-3-glycero-phosphocholine (POPC) and cholesterol were purchased as lyophilized powders from Avanti Polar Lipids and dissolved in chloroform. All other solvents and reagents were all purchased from Sigma-Aldrich.
Vesicle Preparation. Vesicles were prepared using previously established techniques. 21, 22 Briefly, lipids were dried from chloroform under nitrogen at an initial concentration of 25 mg/mL and under vacuum for an additional 30 min. Lipids were resuspended in buffer containing 100 mM potassium chloride and 10 mM sodium phosphate at either pH 7 or 5. These vesicles were then extruded 10 times through a 0.1 μm Nucleopore polycarbonate filter to give unilamellar vesicles of 0.1 μm diameter. Gel filtration chromatography was used to remove external probes from vesicles with entrapped contents.
Supported Bilayer Preparation. The process for supported bilayer formation was the same as described elsewhere. 11, 23, 24 The top leaflet of the bilayers in these experiments consisted of 75% POPC and 25% cholesterol. The bottom leaflet contained an additional 5.9% PEG2k-DSPC along with 69.1% POPC and 25% cholesterol. Silicon of orientation (111) was used for this study. The substrate was washed using a standard technique of isopropanol, acetone, and then isopropanol, followed by a 1 h long piranha etch. Lipid solutions of 69.1% POPC, 25% cholesterol, and 5.9% PEG2k-DSPE were deposed onto a Langmuir−Blodgett (LB) trough from chloroform at a concentration of 1 mg/mL. The washed silicon wafers were immersed in the LB trough, and the surface was compressed to a final surface pressure of 32 mN/m (±0.5mN). The silicon substrate was then withdrawn at a rate of 15 mm/s while a constant surface pressure was maintained. Once removed from the LB trough, the wafers were clamped in place onto a custom electrochemical cell and 450 μL of the vesicle solutions were added to the electrochemical cell. The vesicles in the electrochemical cell were allowed to fuse with the monolayercoated silicon surface for 1 h, after which 10 mL of phosphate buffer solution were added. Electrical contacts were made as described, 11 and the electrochemical cells were then allowed to equilibrate for up to 24 h in buffer before EIS measurements.
Electrochemical Impedance Spectroscopy. Impedance measurements were made using a three-electrode setup with a silver/silver chloride reference electrode and a platinum counter electrode. Experimental details can be found elsewhere. 11,25−27 The impedance was measured over the frequency range from 10 5 to 1 Hz using a 20 mV rms AC perturbation and at a potential of 0 V with respect to the reference electrode. Spectra were recorded at 2 min intervals and fit to an equivalent circuit model to determine the values of resistance and capacitance of the semiconductor−liquid interface (R ct and C p ) and the bilayer membrane (R m and C m ). 26, 27 These values were then used to determine the normalized membrane resistance over time (R m /R m (t = 0)) and thus to describe the kinetics of peptide-induced bilayer permeabilization.
The kinetics of the normalized resistance drop were described by fitting to the model equation
In this equation there is both a fast component (τ fast ) describing the initial resistance decrease and a slow component (τ slow ) which was only invoked when a single time constant failed to fit the data. 28 The constant y is a baseline resistance, and A and B are the contributions of the fast and slow processes to the total resistance decrease, respectively.
Calculation of Conductance. The change in bilayer conductance was calculated from the difference of the inverse bilayer resistances at time 0 and 60 min after addition of the peptide. The conductance per peptide was calculated from the experimental P:L value, and assuming a footprint for each lipid of 70 Å 2 .
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Macromolecule Release from Bilayers. For the dextran release experiment, a 10 kD dextran labeled with both TAMRA and biotin was entrapped in lipid vesicles made from 75% POPC and 25% cholesterol, followed by incubation with immobilized streptavidin to remove external dextran. In a leakage experiment, streptavidin labeled with AlexaFluor 488 was added outside the vesicles. Released dextran binds strongly to external streptavidin, and as a result FRET occurs between AF488 and TAMRA. Peptide-induced macromolecule release occurred within 5−10 min of peptide addition. Following incubation with peptides for 1 h, the fluorescence of the AlexaFluor 488 was measured and compared to controls without peptide (0% leakage) and controls with the detergent Triton X-100 (100% leakage).
For a chymotrypsin release assay, large unilamellar vesicles made from 75% POPC and 25% cholesterol were made in the presence of 1 mg/mL chymotrypsin, followed by gel filtration chromatography to remove external chymotrypsin. Incubation of vesicles with peptides for 1 h was done in 96 well plates, followed by the addition of Texas Red labeled casein (EnzChek reagent) to each well. The Texas Red fluorescence was measured for each well simultaneously as a function of time to reveal the rate of cleavage, which is proportional to the concentration of released chymotrypsin. The addition of excess peptide was used to determine the rate for 100% released chymotrypsin.
explicit pores. Some membrane permeabilizing peptides cause the release of macromolecules from lipid vesicles. 43,49−53 However, macromolecule release usually occurs only at a very high peptide concentration: 2−10 mol % peptide or a peptide:lipid ratio (P:L) of 1:50 to 1:10. Under these conditions, the release of macromolecules may be the result of cooperative, detergent-like global destabilization of bilayer integrity rather than the formation of explicit transmembrane pores. In any case the two are difficult to distinguish at high peptide concentration. Furthermore, in vesicle release experiments, factors such as osmotic stress (due to concentrated entrapped probe macromolecules) and large-scale vesicle aggregation/fusion (caused by the addition of cationic peptides to anionic vesicles) often drive global vesicle destabilization at high peptide concentration, which can allow for macromolecule release without true pores.
Here, we characterize the pores formed by the gain-offunction peptide MelP5 to assess the possibility that it forms true macromolecule-sized pores in membranes. We compare the behavior of MelP5 to the parent peptide, melittin, and other pore formers first by examining permeation of small ions through bilayers, followed by a characterization of macromolecular leakage from lipid vesicles. For all of these experiments we use a lipid composition of 75% phosphatidylcholine and 25% cholesterol. PC/cholesterol bilayers are physically robust and are resistant to nonspecific, detergent-like destabilization. Furthermore, because PC/cholesterol bilayers are zwitterionic, they do not readily aggregate or fuse in the presence of charged peptides. Finally, PC/cholesterol bilayers also roughly mimic the external surface of mammalian cells, thereby increasing the relevance of our results to potential biotech applications.
Melittin and MelP5. In Figure 1 we show sequences and helical wheel projections for the parent peptide melittin and the gain of function variant, MelP5, that we discovered by synthetic molecular evolution. 8 Both peptides bind equally well to membranes and form amphipathic α-helices containing a polar face and a nonpolar face. 8 The five differences in amino acid sequence between the two sequences, shown in red, were selected in a high-throughput screen. 8 Four of the changes occur in the C-terminal tail, where the uniformly polar/cationic KRKRQQ sequence of melittin is replaced with KAAQQL in MelP5. These changes, in particular lysine 23 to alanine, significantly improve the potential helicity and amphipathicity of the C-terminal sequence such that MelP5, unlike melittin, can form a continuous amphipathic helix along its entire length. The only other change in MelP5 is the substitution of alanine for threonine in position 10. This change, which was found in multiple gain-of-function sequences, 8 also improves the ideality of the amphipathic helix of MelP5 compared to melittin. We have hypothesized that the length and ideality of the amphipathic helix is the main structural basis for the novel activity of MelP5. 8 Structural Basis for the Activity of MelP5. MelP5 and melittin bind to bilayers with almost identical free energies (−8.2 kcal/mol in mole fraction units 8 ). We have shown that MelP5 is more helical than melittin in PC bilayers and PC bilayers with phosphatidylglycerol. 8 To determine if MelP5 is also more helical than melittin in the PC/cholesterol bilayers used in this work, we performed solution circular dichroism spectroscopy using essentially identical samples of MelP5 and melittin in the presence of lipid vesicles made from POPC with 25% cholesterol (Figure 2 ). Under these conditions both peptides are ≥95% membrane bound and thus the mean residue ellipticities reflect the fractional helix content of the bound peptide. Consistent with the expectation that the Cterminal tail of MelP5 is helical, while the C-terminal tail of melittin is not, MelP5 has about 20% more α-helix than melittin in cholesterol-containing lipid bilayers, as assessed by the ellipticity at 222 nm. 54 Bilayer Response to MelP5. Electrochemical impedance spectroscopy (EIS) was used here because it is highly sensitive Residues with numbers are those that were varied in the library from which MelP5 was selected. The helical wheel diagrams show the spatial arrangement of the side chains under the assumption of an ideal helix formed by all the residues. Gray symbols are hydrophobic residues, blue symbols are basic residues, and orange symbols are polar residues. Symbols outlined in red (right) are those for which a variation was selected during screening.
to small changes in membrane properties and gives direct information about a peptide's effect on bilayer resistance and capacitance as a function of time. We have recently used EIS to provide new insights into the mechanism of action of antimicrobial peptides, 25 other membrane permeabilizing peptides (including melittin), 11 and membrane translocating peptides. 24 For these studies, we use PEG-cushioned, surface supported lipid bilayers made from POPC with 25% cholesterol. POPC/cholesterol bilayers are robust, fluid phase bilayers that mimic the zwitterionic plasma membranes of eukaryotic cells. In a published study of dye leakage from vesicles 8 we showed that MelP5 is more potent than melittin by a factor of about 20 in PC/cholesterol bilayers. Importantly, we note that the activity of MelP5, unlike that of melittin, is not strongly dependent on lipid composition. 8 We prepared the supported bilayers as described above. The impedance response of the pure bilayer was then measured to establish the baseline characteristics. The average starting resistance was (2.29 ± 0.23) × 10 3 Ω cm 2 . At this point, peptide was added without removing free vesicles, and the impedance response was measured every 2 min for 1 h. The bilayer resistance and capacitance at each time point were determined using curve fitting as described elsewhere. 11, 23, 24 The addition of MelP5 caused an initial rapid decrease in bilayer resistance followed by a slow decrease toward a steadystate value. This behavior was observed for all peptide concentrations, even down to peptide:lipid ratios as low as 1:25000 ( Figure 3A) . The steady-state resistance decreased with increasing peptide-to-lipid ratio. The time dependence of the bilayer response could not be fit with a single exponential, but was fit very well by two exponentials, suggesting that there are two rate processes with halftimes of about 2 min and 20−40 min, respectively. The bilayer response to MelP5 is dramatically different from the bilayer's response to the parent peptide melittin, which we have previously characterized. 11 As shown in Figure 3B , melittin causes a similar initial decrease in bilayer resistance, but is followed by a subsequent recovery. Given the similarities between the two sequences, and the similarity in the early EIS time course, we speculate that the initial membranebound state is similar for the two peptides, but that MelP5 then self-assembles into an equilibrium transmembrane pore while melittin equilibrates into a nonpore, nonmembrane-permeabilizing state discussed elsewhere. 11, 14 Consistent with these conclusions, the helical axis of melittin lies mostly parallel to the bilayer surface 8,10,16−18 while MelP5 has a membrane spanning orientation, 8 consistent with true pores. Impedance spectroscopy also allows the determination of bilayer capacitance, which reports on the thickness and overall integrity of the bilayer. In these experiments, the average starting capacitance of the bilayers was 0.90 ± 0.11 μF/cm 2 , corresponding to a bilayer thickness of about 5 nm. 29 In Figure  4 we show normalized capacitance over the 60 min experiment. For all peptide concentrations, except P:L = 1:1000, the addition of MelP5 did not change the bilayer capacitance, indicating that the overall bilayer structure remains intact and is not globally perturbed by the peptide, despite the fact that the bilayers have very low resistance. The increase in capacitance at the highest concentration is due to the low resistance which results in a decrease in the frequency range of the capacitive region and hence a decrease in the phase angle, which can increase fitting uncertainties in capacitance. The addition of melittin also resulted in no measurable changes in bilayer capacitance. In summary, the capacitance measurements indicate that MelP5 and melittin result in local perturbations of the membrane but do not destabilize the bilayers globally. As described above, the resistance measurements show that the mechanisms of these local perturbations are significantly different for the two peptides.
Comparison of MelP5 to Other Pore-Forming Peptides. To gain further insight into the bilayer response to MelP5, we also studied the well-characterized, pH-dependent pore-forming peptide, GALA. 20,55−57 At pH 7, GALA does not bind to bilayers and does not cause membrane permeabilization 55 while, at pH 5, it partitions strongly into membranes as an α-helix and self-assembles into membrane spanning, equilibrium pores. 20, 57 Thus, at pH 7 GALA serves as a negative control, while at pH 5 it serves as a positive control for equilibrium, transmembrane pores. The EIS results for GALA are unequivocal ( Figure 5 ). At pH 7, GALA has little effect on bilayer electrical properties, with only a small, timeindependent decrease in bilayer resistance at the highest concentration studied, P:L = 1:200. This result shows that the EIS signatures we observe are specific for membranepermeabilizing peptides. At pH 5, the effect of GALA is consistent with the formation of equilibrium transmembrane pores; 20, 57 it causes a large and immediate decrease in bilayer resistance that is measurable at concentrations as low as P:L = 1:5000. The time course of the resistance change for GALA does not have a slow phase like MelP5, but instead is a single exponential with a time constant of <2 min suggesting a onestep insertion of GALA into the membrane.
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We have previously described the EIS signature of the membrane response to the fungal antibiotic peptide alamethicin, 11 which is also an amphipathic α-helix that forms small, equilibrium, transmembrane pores in bilayers. 15,19,58−60 Like GALA at pH 5, alamethicin decreases bilayer resistance rapidly with a single exponential time dependence, and like GALA it causes a measurable decrease in bilayer resistance even at low peptide concentration. Both GALA at pH 5 and alamethicin have the EIS signature expected of a transmembrane equilibrium pore, supporting our mechanistic interpretation of the EIS data for MelP5. In Figure 6A we compare the peptide concentration dependence of the equilibrium resistance values for all of the peptides studied, measured 1 h after peptide addition. MelP5, GALA at pH 5, and alamethicin all behave like equilibrium pore formers where the concentration of the pores in the membrane is driven by the law of mass action. Melittin and GALA at pH 7 are dramatically different. Their equilibrium values of bilayer resistance are not dependent on peptide Figure 4 . Bilayer capacitance response to MelP5. Aliquots of MelP5 were added at various concentrations relative to the 60 μM lipid vesicles in the sample chamber to give peptide:lipid ratios of 1:1000, 1:2500, 1:5000, 1:10000, and 1:25000. The capacitance of the POPC/ cholesterol bilayers was measured every 2 min by electrochemical impedance spectroscopy before and after the addition of MelP5. Each trace represents an average of at least three independent experiments. The standard deviation of the three measurements is indicated by an error bar at the end. The inset shows the capacitance of PC/ cholesterol bilayers after addition of melittin at P:L = 1:1000. Figure 5 . Bilayer response to GALA at pH 7 and pH 5. The resistance (top row) and capacitance (bottom row) of POPC/cholesterol bilayers were measured by electrochemical impedance spectroscopy after addition of the peptide GALA at pH 7 (left column) or pH 5 (right column). Aliquots of GALA were added to the 60 μM lipid vesicles in the sample chamber to give peptide:lipid ratios of 1:200, 1:1000, and 1:5000, and the resistance and capacitance values were determined from EIS spectra taken every 2 min over a period of 1 h. Each trace represents an average of at least three independent experiments. The standard deviation of the three measurements is indicated by an error bar at the end.
concentration and are about 80−90% at all concentrations studied 11 indicating an absence of true pores. MelP5 is, by far, the most active peptide and causes a resistance drop that is an exponential function of peptide concentration with an asymptote of zero bilayer resistance.
In Figure 6B , we compare the peptide-induced increase in bilayer conductance, at 60 min, calculated on a per-peptide basis, showing that MelP5 belongs to a uniquely active peptide class, with much higher specific activity than even the archetypal equilibrium pore forming peptides GALA at pH 5 and alamethicin.
Macromolecular Poration. The extraordinary properties of MelP5 in electrochemical impedance spectroscopy experiments prompted us to investigate whether the MelP5 pores are large enough to pass macromolecules. For this, we developed two macromolecule release assays specifically designed to avoid the artifacts discussed earlier: osmotic stress, peptide induced vesicle aggregation/fusion and global bilayer destabilization. First, we use zwitterionic, fluid phase PC/cholesterol bilayers which are robust and inert bilayers that do not readily aggregate or fuse in the presence of cationic peptides. Second, we entrap a low concentration (≤1 mg/mL) of probe macromolecules to essentially eliminate osmotic stress on the vesicle. Third, we are interested only in macromolecule release at P:L ratios that do not promote global vesicle disruption, i.e. P:L < 1:50. In the first assay, we entrapped a 10 kD dextran (labeled with both TAMRA and biotin) inside vesicles. To the outside solution we added streptavidin (∼53 kD) labeled with AlexaFluor488. Peptide-induced release of dextran leads to dextran− streptavidin complex formation, which is measured by resonance energy transfer between the fluorophores that leads to quenching of AlexaFluor488. In the second macromolecule leakage assay, we entrapped chymotrypsin, 24 kD, at low concentration in lipid vesicles 61 and used the 23 kD milk protein, casein, labeled with multiple Texas Red fluorophores as a probe of released protease. The Texas Red fluorescence, which is strongly self-quenched in the intact casein molecule, increases upon proteolysis. Released chymotrypsin is quantitated by measuring the initial rate of Texas Red fluorescence change compared with that of intact and lysed vesicles.
Using these two novel assays, we examined the ability of MelP5 to release macromolecules from lipid vesicles and compared MelP5 to melittin, alamethicin, and GALA at pH 5. In both assays MelP5 released vesicle-entrapped macromolecules with a midpoint concentration around P:L ≈ 1:500 ( Figure 7) . Macromolecule release by MelP5 is essentially complete within about 5 min, a time scale that is consistent with the time scale of resistance changes observed in impedance measurements. Here we measured the release after 60 min. In contrast, neither melittin nor alamethicin release macromolecules significantly until much higher concentrations; the concentrations producing 50% release for these peptides are above P:L = 1:50, conditions under which there are thousands of peptide molecules bound to each vesicle 45 and under which amphipathic helices can exhibit detergent-like global vesicle destabilization. GALA at pH 5 does not release macromolecules significantly at these conditions. We conclude that only MelP5 forms macromolecule-sized pores in bilayers at low concentration.
GALA at pH 5 has been reported, in one paper, to release a 4 kD dextran from PC vesicles at P:L ratios as low as 1:500. 62 However, we observed little release of a 10 kD dextran up to P:L = 1:50. We do not have an explanation for the discrepancy. MelP5 behaved identically at pH 5 as at pH 7 (not shown); thus, we conclude that the assay is unaffected by pH. Our experiments were conducted in parallel and show unequivocally that MelP5 releases macromolecules at low concentration, under conditions where GALA at pH 5 does not. This observation is entirely consistent with the fact that the conductance of MelP5 pores in impedance measurements is much higher than the conductance of GALA pores at pH 5.
In Figure 7B we compare MelP5-induced release of small molecule probes to the release of macromolecular probes from PC/cholesterol vesicles. There is an obvious distinction between the two classes of probe, suggesting that the MelP5 pores increase in size with increasing peptide concentration.
Because melittin has been so broadly studied, it is informative to compare our macromolecular leakage results to the literature. One of the earliest reports on macromolecule release by melittin was a description of hemoglobin release from osmotically balanced erythrocytes by DeGrado and colleagues. 13 In that report, melittin was shown to form transient leakage pathways in cell membranes (with a half-life of ∼15 s) that rapidly release a fraction of the cellular hemoglobin (64 kD). Hemoglobin release occurred at very high bound P:L, when about 45% of the outer membrane surface area was occupied by peptide, 13 leading the authors to postulate that the "large increase in the area caused by the melittin inserted into erythrocyte membranes should result in local expansion of the outer leaf let of the membrane...leading to f urther penetration of the melittin and ultimate destruction of the continuity of the membrane." Explicit pores were not postulated and are not needed to explain the data. Melittin has also been shown to release macromolecules from synthetic lipid vesicles, yet only at high P:L, just as we have reported here. For example, Ladokhin et al. 49 showed that melittin (at P:L = 1:50) caused ∼90% release of a 4 kD dextran from PC vesicles and ∼20% release of a 70 kD dextran under the same conditions. Poolman and colleagues 53 showed that 50% release of a 10 kD dextran occurs at P:L = 1:50 from PC vesicles and occurs at P:L = 1:20 from PC/cholesterol vesicles. Release of 50% of the 14 kD protein α-lactalbumin occurs at P:L = 1: 10. 53 Similarly, we previously reported that melittin caused ∼40% release of a 3 kD dextran and 12% release of a 40 kD dextran at P:L = 1:50 in PC vesicles. 37 At P:L = 1:500 we previously showed that dextran release by melittin was only marginally greater than background, ≤10%. These published results are consistent with the observation reported here (using the two novel assays) that melittin releases only a small amount of entrapped macromolecules even at P:L = 1:50.
Other peptides, such as cationic antimicrobial peptides, also have been reported to cause macromolecule release from vesicles. These include human defensins, 50 rabbit defensins, 51, 52 small β-sheet peptides, 38 and magainin. 63 As in the case of melittin, most of these reports describe partial release of macromolecules only at high peptide concentration (P:L ≥ 1:50). Furthermore, cationic AMPs are often active only in anionic bilayers, and not in PC bilayers, suggesting that vesicle fusion and aggregation may be contributing to, and perhaps dominating, macromolecule leakage, a possibility that has been shown to be true in at least one case. 50 Macromolecular-sized pores are not likely to account for the observed macromolecule release by any cationic antimicrobial peptide, which probably destabilize bilayers globally due to their interfacial activity. 45 Similarly, reports of transient macromolecule-sized leakage in giant unilamellar vesicles 63, 64 correspond to experiments with high P:L ratios where transient, global destabilization is likely.
MelP5 is a unique pore-forming peptide. Our data show that MelP5, the synthetically evolved, gain-of-function variant of the natural membrane permeabilizing peptide melittin, is unique. It forms very high conductance, equilibrium pores that release macromolecules from lipid vesicles at concentrations as low as P:L = 1:500. The pores form within a few minutes of peptide addition, and leakage is essentially complete within 5−10 min. If we assume a circular "barrelstave" pore (by no means the only possible pore structure) a minimum of six to eight MelP5 molecules would be required to form a pore large enough to release chymotrypsin. In contrast, the parent peptide melittin forms only transient pores in membranes and only releases macromolecules at very high concentration, P:L ≥ 1:50. Thus, one generation of synthetic molecular evolution, in which just five amino acids were changed, has fundamentally altered the mechanism of membrane permeabilization and has changed both the structure and function of the pores formed. These results highlight the power of iterative combinatorial libraries and orthogonal highthroughput screening (i.e., synthetic molecular evolution) to discover and engineer pore-forming peptides. Furthermore, the novel function and structure of MelP5 could form the foundation for the next generation of engineered or synthetically evolved, self-assembling, macromolecule-sized peptides pores. Fractional leakage was measured 1 h after peptides were added to 1 mM PC/cholesterol vesicles. Each experiment was repeated at least three times. The average ± SD is shown.
